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Ex vivo assays to measure muscle paralysis induced by botulinum neurotoxin (BoNT) have been used as functional assays of toxin potency (1,2; National Biodefense Analysis and Countermeasures Center Technical Report, TR#RSRD-04-00140, 2005) and in the detection of antibodies against BoNT (3) . Other uses of functional nerveskeletal muscle assays are to evaluate the effectiveness of post-exposure therapeutic candidates against the paralyzing effects of the various BoNT serotypes (4) . Ex vivo assays evaluate intact neuromuscular transmission by recording nerve-elicited muscle contractions. While rodent diaphragms are the preferred model system for an ex vivo assay (2, 5 ; National Biodefense Analysis and Countermeasures Center Technical Report, TR#RSRD-04-00140, 2005) , the use of intercostal muscle provides for more preparations to be derived from one animal (6) . A single diaphragm provides two preparations, left and right hemidiaphragms, allowing one to serve as an internal control and the other available as an experimental variable. Use of intercostal muscle, with the electrode described, provides additional preparations useful for experiments testing multiple doses and showing proper dose-response functions. An alternative functional technique to quantify BoNT effects on neuromuscular transmission is intracellular microelectrode recordings of BoNT-treated muscle (7, 8) , where BoNT exposure reduces the frequency of miniature end plate potentials.
Muscle contractility assays are preferred over intracellular microelectrode recording for several reasons. Tension measurements, which indirectly evaluate synaptic activity, are more rapid and provide ensemble averages rather than single cell values (9) .
Dissections of phrenic nerve-diaphragm muscle preparations from large rodents provide a sufficiently long nerve to stimulate using common, commercially available electrodes. Typical types include suction-type (10) and bipolar loop-type (5) electrodes. However, dissections of the same nervemuscle preparation from smaller rodents (e.g., mice) often yield small segments of nerve (<10 mm) due simply to the smaller body size of these animals. Likewise, intercostal muscles-which are major effector organs of respiration and targets for BoNT paralysis-are innervated by nerves too short for suction and bipolar loop electrodes to stimulate contraction. We describe a novel stimulating electrode that overcomes these physiological restrictions and is compatible with commonly used stimulating and recording equipment. A nerve clamp electrode was developed to indirectly stimulate skeletal muscle innervated by α motor neurons as an alternative to conventional electrodes. The stimulating electrode device consists of a spring coil-activated nerve clamp mounted inside a 1-mL syringe barrel. Supramaximal pulses were generated by a Grass stimulator and delivered to the nerve segment via the nerve clamp electrode. The salient feature of the electrode is its ability to produce muscle contractions indirectly through stimulation of the attached nerve. Indirect muscle stimulation is critical for studying the paralytic actions of presynaptic-acting toxins such as botulinum neurotoxins (BoNT), a potent inhibitor of acetylcholine (ACh) release from α motor neurons. This device enables stimulation of muscle contraction indirectly as opposed to contraction from direct muscle stimulation. The electrode is able to stimulate indirect muscle contraction when tested on ex vivo preparations from rodent phrenic nerve-hemidiaphragm muscle in similar fashion to conventional electrodes. In addition, the electrode stimulated external intercostal nerve-muscle preparations. This was confirmed after applying BoNT serotype A, a potent inhibitor of ACh release, to induce muscle paralysis. Alternative methods, including suction and bipolar loop electrodes, were unsuccessful in stimulating indirect muscle contraction. Therefore, this novel electrode is useful for physiological assessment of nerve agents and presynaptic actions of toxins that cause muscle paralysis. This electrode is useful for stimulating nerve-muscle preparations for which the length of nerve is a concern. 300-400 g), and adult male New Zealand white rabbits (Oryctolagus cuniculus; 900-1200 g) were purchased from Charles River Laboratories (Wilmington, MA, USA). Rabbits were sedated with acepromazine (0.5 mg/kg up to 5 mg/kg i.m.) (11) using a 23-gauge or smaller needle. After sedation, each animal was placed into an induction chamber, and oxygen and isoflurane were administered at 1-2 L/min and 3-5%, respectively, until the animal was recumbent and unresponsive to toe pinch. Mice and guinea pigs were anesthetized with isoflurane, placed in an induction chamber, and euthanized by decapitation.
Materials and methods

General methods
Diaphragm muscle with attached phrenic nerve was dissected from mouse, guinea pig, or rabbit according to methods described elsewhere (12) and incised along the midline into left and right hemidiaphragm preparations. Hemidiaphragm muscle-nerve preparations were mounted in a vertical twitch bath (6-or 60-mL capacity). Muscle tendon was fixed to a stainless steel hook anchored to the bottom of a temperature-controlled tissue organ bath (Radnoti Glass Technology, Monrovia, CA, USA) at 37°C and tied to a force-displacement transducer using 4/0 silk thread on the opposite end. A series of three stimulating electrodes were placed on each attached nerve and stimulated with 100-μs supramaximal pulses (7.5 V) using an S88 Grass stimulator (Grass Instruments, Warwick, RI, USA). Stimulation of the nerve using the suction electrode was always followed by a bipolar loop and finally the nerve clamp electrode, in that order.
Recording of twitch tensions
The bath contained Tyrode's solution of the following composition: 137 mM NaCl, 2.7 mM KCl, 11.9 mM NaHCO 3 , 0. Electrode design A schematic drawing of the nerve clamp electrode is illustrated in Figure 1 . The assembled device, built within a 1-mL syringe, contains an adjustable spring coil at one end and the nerve clamp-stimulating portion at the other. The electrode was constructed from a metal hypodermic tubing and guidewire assembly (Small Parts, Miami Lakes, FL, USA). A groove was filed into the end of the guidewire (0.046-in diameter) to clamp the nerve in place. The guidewire fits inside a sleeve of hypodermic tubing [16 gauge; outer diameter 0.065 in; inner diameter 0.047 in].
The tubing was modified at one end with a notch for a small segment of nerve to pass inside. The sliding action of the guidewire allows nerves to be held in contact with the hypodermic tubing, which is the stimulation portion of the electrode. The internal guidewire was made adjustable and placed under tension at rest by cementing it to a spring coil at the proximal end of the electrode. Both spring coil and guidewire were placed inside a 1-mL tuberculin syringe, and the spring coil was cemented to the syringe at a point nearest the narrow syringe opening. The internal guidewire was bent and shrink-wrapped with plastic for fine finger/thumb adjustment.
Instructions for the assembly of this electrode are described and illustrated in Figure 2 . In Step 1, a notch was cut into the hypodermic tubing at one end using a fine file, and a sheath of polyethylene tubing was placed tightly over the hypodermic tubing as insulation. A platinum/iridium stimulating wire (0.25-mm diameter) was soldered to the exposed hypodermic tubing. This assembly from Step 1 is positioned inside of a second, larger-diameter polyethylene tubing along with a second platinum/iridium wire, which serves as the ground (see Step 2) .
The internal guidewire was prepared at both ends in Step 3. A groove was filed at the nerve clamp end, and the wire was bent into a loop at the other. The spring coil was placed inside of the 1.0-mL syringe barrel and cemented inside. The guide was inserted inside the spring and syringe barrel and cemented to the spring coil. The assembled stimulating/ground portion from Step 2 was inserted over the guidewire into the syringe barrel. The hypodermic tubing was cemented with epoxy to the syringe tip. The platinum/ iridium stimulating and ground wires were subsequently connected to a Bayonet-NeillConcelman (BNC) cable to be used with the S88 Grass stimulator.
The cut end of a motor nerve innervating a muscle can be clamped and fixed in space using the guidewire assembly in the following manner: when the spring is pulled back, the electrode can be positioned such that any For each muscle preparation (hemidiaphragm or intercostals), no significant differences in the recording tensions between any of the electrode types were determined (P > 0.05).
segment length of nerve can be fixed in space against the hypodermic tubing. Release of the spring coil will return the guidewire to its normal position inside the hypodermic tubing and clamp the nerve in place. The stimulator generates supramaximal pulses, causing the clamped nerve to generate muscle contractions, provided the nerve was not damaged during dissection. The extent of muscle contraction can be recorded using an isometric force transducer that converts the force of contraction into a digitized wave form to be analyzed later on pCLAMP software. The tensions can be recorded directly onto a chart recorded as analog waveforms. This method of stimulation enables the study of substances that act either presynaptically in the nerve, such as botulinum toxin, or act at the level of the neuromuscular junction, such as nerve agents. The major advantage of the described electrode is its ability to indirectly stimulate any skeletal muscle, regardless of nerve length, for the measurement of muscle force tension using tissue organ baths.
Data analysis
Muscle contraction data generated from suction-type and bipolar loop-type electrodes were compared with muscle twitch data obtained using the nerve clamp electrode. Peak amplitude and 10-90% decay time from twitch tension recordings were calculated for all three electrodes. To prevent direct stimulation of the hemidiaphragm muscle preparation, stimulation intensity was preset to a maximum of 7.5 V.
Muscle paralysis was subsequently recorded in the presence of BoNT/A. Twitch tension peak amplitude and 10-90% decay times were compared using a two-factor ANOVA. Each peak amplitude and 10-90% decay time reported reflect mean ± sd of twitch recordings from 7-11 separate muscles.
Results and discussion
Hemidiaphragm muscle twitch tension amplitudes on the order of 0.5-6 g for mouse diaphragm, 10-40 g for guinea pig diaphragm, 20-60 g for rabbit diaphragm, and 4-18 g for rabbit external intercostal muscle were recorded following stimulation of the nerve with the described nerve clamp-stimulating electrode device (see Figure 1) . Representative control twitch tension recordings are shown ( Figure 3A) before BoNT/A application. The shape, twitch amplitudes, and time course of decay were very similar to results obtained using bipolar loop and suction electrodes for mouse, guinea pig, and rabbit diaphragm. These values have been summarized in Table 1 . Due to the short length of motor nerve innervating rabbit external intercostal muscle, it was not possible to stimulate this indirectly using bipolar loop (data not shown) or suction electrodes ( Figure 3B) . Control experiments for all muscles showed stable twitch tensions during the time course of study; tensions decreased to only 70% of their initial value after ~8.5 h in the tissue bath (data not shown). None of the twitch tension amplitudes from control experiments decreased to 50% of their initial value after almost 9 h in the tissue bath. The first twitch tension recordings following application of BoNT/A to the tissue bath showed decrease in the twitch tension amplitude ( Figure 4A ), suggesting muscle contraction was indeed the result of indirect muscle stimulation through the nerve. Muscle preparations in the absence of BoNT/A maintained their tension throughout the duration of the recording period (data not shown). Traces shown in Figure 4A represent 10-min intervals. If the muscle was stimulated directly, BoNT/A would have no effect on the muscle contraction amplitude. Figure 4B shows the dose-dependent effect of BoNT/A (1 pM and 1 nM) to excised rabbit external intercostal muscle as a function of time.
Intercostal hemidiaphragm muscle preparations in two separate experiments were stimulated indirectly through the external intercostal nerve using the described nerve clamp electrode. All test concentrations of BoNT/A resulted in complete paralysis of the muscle during the same time course of study. BoNT/A exhibited dose dependence, where the higher BoNT/A test concentration (1 nM) gave the shortest times to reach 50% inhibition, and a smaller concentration (1 pM) resulted in a longer time to 50% inhibition and subsequently complete muscle paralysis. This is in agreement with many previous findings using bipolar loop stimulating electrodes. Bipolar loop electrodes are more advantageous than suction-type electrodes as they allow stimulation of larger-diameter nerve segments, typically with excess adipose tissue adhered to the axon tract. However, they are also not without their limitations. The nerve must be long enough (>15 mm) to tie a ligature around the proximal end in order to thread it through the platinum wire loops. Likewise, suction electrodes require sufficient length to apply negative pressure to maintain the nerve inside the tubing shaft of the electrode. The negative pressure created by suction electrodes can cause the The electrode is assembled using a hypodermic tube and guidewire assembly, in which a notch on the tubing and groove in the guidewire are filed into the metal pieces, respectively. Polyethylene tubing covers the tube as insulation. ( Step 2) A stimulating wire is soldered to the metal tubing; the ground wire is fixed in place with epoxy cement and sheathed on the outside with another layer of polyethylene tubing for insulation. ( Step 3) The tubing and guidewire assembly are passed through a 1-mL syringe and cemented to a spring coil inside. The guidewire is made to move freely while pulling back on the insulated thumb ring connected to the spring coil.
nerve to pull away from the muscle, leading to denervation.
The intent of this investigation was to design and construct a unique electrode capable of eliciting muscle contractions indirectly, regardless of anatomical constraints. Typically, the common peroneal nerve-extensor digitorum longus, tibial nerve-soleus, and phrenic nervehemidiaphragm muscle preparations are used to indirectly stimulate muscle because they meet this nerve length requirement. This nerve clamp-stimulating electrode possesses several advantages over currently available stimulating electrodes. The described nerve clamp electrode performs similarly to commonly used electrodes, and data obtained from its use are consistent with data obtained from other electrodes. Peak amplitude of the muscle twitch tension as well as decay time did not significantly differ among all three electrodes tested. It also is not restricted by the physical characteristics of the nerve. Any nerve length or thickness can be securely and reliably contacted by the nerve clamp without directly contacting the muscle itself. It represents an improvement over commonly used electrodes, as it is able to indirectly stimulate muscles in preparations where commonly used electrodes fail, and is compatible with existing commonly used physiology laboratory stimulation and data recording hardware. 
